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In Brief TREM2 is a microglial innate immune receptor whose functions during brain development are still unknown. Filipello et al. demonstrate that TREM2 is essential for microglia to eliminate supernumerary synapses in the developing brain. TREM2 protein was also reduced in autistic patients, suggesting that the receptor may be involved in neurodevelopmental diseases.
INTRODUCTION
The triggering receptor expressed on myeloid cells 2 (TREM2) is an innate immune receptor of the immunoglobulin superfamily, expressed in different populations of myeloid cells including microglia in the central nervous system (CNS) (Kiialainen et al., 2005; Schmid et al., 2002) . It consists of an extracellular V-type immunoglobin (Ig) domain, a transmembrane domain that associates with the adaptor protein TYRO protein tyrosine kinase-binding protein (TYROBP, also known as DAP12) and a cytoplasmic tail (Colonna, 2003; Peng et al., 2010; Wunderlich et al., 2013) . TREM2 binds in vitro to anionic carbohydrates, bacterial products (LPS [lipopolysaccharides] ), various phospholipids (Daws et al., 2003; Wang et al., 2015) , and ApoE [apolipoprotein E]) (Atagi et al., 2015; Yeh et al., 2016) . Initially identified as a phagocytic receptor for bacteria (N'Diaye et al., 2009) , TREM2 is recognized to have anti-inflammatory properties on macrophages activated in vitro by Toll-like receptor (TLR) ligands (Hamerman et al., 2016; Turnbull et al., 2006) . TREM2 variants have been linked to different types of neurodegenerative disorders. Homozygous, loss-of-function mutations in Trem2 or its signaling adapter DAP12 cause the autosomal recessive disorder Nasu-Hakola disease (Paloneva et al., 2002) , a rare pathology characterized by early-onset dementia, demyelination, and bone cyst-like lesions. Rare variants in the Trem2 gene appear as significant risk factors for late-onset Alzheimer's disease (AD) (Guerreiro et al., 2013; Jonsson et al., 2013) , and a possible association has been proposed between TREM2 and Parkinson's disease, amyotrophic lateral sclerosis, and frontotemporal dementia (Cady et al., 2014; Kleinberger et al., 2017; Kober et al., 2016; Rayaprolu et al., 2013) . TREM2 transduction pathways play a central role in promoting activation of microglia, which mostly express the receptor in the brain (Butovsky et al., 2014; Colonna, 2003) . In a mouse model of AD, reduced TREM2 results in lower number of microglia surrounding plaques (Ulrich et al., 2014) , reduced plaque compaction, and axonal dystrophy (Yuan et al., 2016) . This has led to the hypothesis that the receptor plays a critical role in supporting microgliosis in response to pathological conditions in the CNS (Cantoni et al., 2015; Ransohoff and Cardona, 2010) . On the other side, the activation of the TREM2-APOE pathway switches microglia towards a neurodegenerative phenotype (Krasemann et al., 2017) , while the activation of a TREM2-dependent program contributes to generating a novel microglia type associated with neurodegenerative diseases (DAMs) (KerenShaul et al., 2017) .
In recent years, microglia have emerged as critical players in the maturation of neural circuits during brain development, through the phagocytosis of supernumerary synapses via the fractalkine receptor CX3CR1 or complement receptor 3 (CR3 or CD11b) (Paolicelli et al., 2011; Schafer et al., 2012) . Also, microglia control learning-dependent synaptic structural plasticity through brain-derived neurotrophic factor (BDNF) and tropomyosin receptor kinase B (TrkB) signaling pathways (Parkhurst et al., 2013) and, upon contact with somatosensory cortex dendrites, initiate filopodia formation during the intense spinogenesis occurring in the first two postnatal weeks (Miyamoto et al., 2016) . Alterations in the process of synaptic pruning appear to be at the root of various neurodevelopmental diseases, including autism spectrum disorder (ASD) (Penzes et al., 2011) .
Given the crucial role of microglia in the early phases of brain development, we investigated the possibility that TREM2 may regulate microglial activity at this critical time. Our results indicate that microglial TREM2 controls the process of supernumerary synapse elimination.
RESULTS

TREM2 Deficiency Affects Microglia Number and
Activation during the Early Stages of Brain Development TREM2 was selectively expressed by microglial cells in both the cortex and hippocampus of wild-type (WT) mice at different stages of neuronal development (Figures S1A and S1B) . Staining for the myeloid cell marker ionized calcium-binding adapter molecule 1 (Iba-1) of brain sections from WT and Trem2 À/À littermates at postnatal day (P)18-20, the time window of synaptic refinement, revealed a significant decrease in microglial cell density in the CA1 area of the hippocampus in Trem2 À/À brains compared to WT, while no difference was detected in the CA3 region, dentate gyrus, and cortex (Figures 1A and 1B) . Consistent results were obtained in brain sections from the same Trem2 À/À mouse line generated by Dr. Colonna's lab and maintained at Washington University (Turnbull et al., 2006) (Figures S1C and S1D). The reduction of microglia number in the CA1 region of Trem2 À/À mice was confirmed by staining for purinergic receptor P2Y12, which is exclusively expressed by microglia in the CNS (Hickman et al., 2013) ( Figure S1E ). The analysis of cell morphology in the CA1 region of P18-20 Trem2 À/À mice revealed a more ramified phenotype, with a higher number of branches and junctions per cell ( Figures 1C-1E ). Also, a decrease of the macrophage-specific lysosomal marker CD68 (Figures 1F and 1G) (Butovsky et al., 2014) relative to WT ( Figure 1L ). Taken together, these data show that, in Trem2 À/À mice, microglia are decreased in number and less activated specifically in the hippocampus.
Trem2
-/-Mice Display Enhanced Excitatory Neurotransmission and Increased Synapse Density To investigate whether mice lacking TREM2 develop neuronal defects, whole-cell recording of miniature excitatory postsynaptic currents (mEPSCs) was performed in pyramidal neurons of P18-20 acute brain slices. Trem2 À/À neurons from the CA1 region displayed higher frequency of mEPSCs compared to WT, in the absence of changes in mEPSC amplitude (Figures 2A-2C ). Consistent with mEPSC frequency increase reflecting a higher number of synaptic contacts, immunofluorescence analysis revealed higher density of the postsynaptic marker PSD95 ( Figures  2D and 2F ) and the presynaptic marker VGLUT1 (Figures 2E and 2G) in Trem2 À/À compared to WT. Similar results were obtained with the presynaptic marker SV2A (WT mean = 0.99 ± SEM 0.27; (B) Quantification of microglia densities.
(C-E) Skeletonized reconstruction (C) and quantitative analysis of (D) total branches and (E) junctions per cell in the CA1. For microglia count, WT N = 4, n = 8 fields (CA1, CA3), n = 7 fields (DG), n = 6 fields (Ctx); Trem2 À/À N = 6, n= 8 fields. ***p < 0.001, unpaired t test. For skeletonize analysis, WT N = 3, n = 23 fields; Trem2 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA followed by Tukey's multiple comparisons test. See also Figure S1 .
À/À mean = 2.46 ± SEM 0.26 area%). Increased expression of PSD95, Shank2, and SV2A was detected by western blotting of Trem2 À/À hippocampal homogenates (Figures 2H and 2I) .
No differences in the number or stratification of CA1 neurons in Trem2 À/À versus WT mice were detected by Nissl staining (Figure S1G) or by NeuN + cell counting ( Figure S1H ). Also, no difference was detected in the expression of the dendritic marker MAP2 ( Figure S1I ), further supporting the increase of synaptic sites, rather than increased neuronal branching, in Trem2
neurons. These results indicate enhanced pre-and postsynaptic contacts and increased electrophysiological activity in the absence of functional TREM2.
Microglial TREM2 Promotes Spine Elimination In Vitro
We next investigated whether the enhanced excitatory neurotransmission in brain slices could be determined by a neuronautonomous defect. indicating that lack of TREM2 does not directly affect neuronal properties. Since TREM2 is mostly expressed by microglia (Butovsky et al., 2014; Colonna, 2003) and we demonstrated that these cells display a defective profile in Trem2 À/À mice ( Figure 1 ), we hypothesized that the synaptic defects observed in the absence of TREM2 could be ascribed to a specific microglial dysfunction. We therefore analyzed the functional properties of microglia isolated from Trem2 À/À and WT pups. No differences in the survival rate of WT versus Trem2 À/À microglia were detected by Hoechst and propidium iodide staining 48 hr after cell plating, indicating comparable cell viability ( Figure S2A ). However, and in line with previous literature reporting that Trem2 À/À microglia are unable to efficiently phagocytose apoptotic neuronal membranes (Neumann and Takahashi, 2007; Takahashi et al., 2005) , we confirmed, by FACS quantitation, that Trem2 À/À primary microglia phagocytosed significantly fewer apoptotic membranes than WT microglia ( Figure S2B ), despite being equally efficient at phagocytosing beads ( Figure S2C ). These observations led us to hypothesize that TREM2 regulates microglia phagocytic capacity during the period of synapse elimination, which corresponds to the developmental window where Trem2 À/À microglia displayed an altered profile (Figure 1 ). To address this possibility, we co-cultured WT or Trem2 À/À microglial cells in contact with WT hippocampal neurons ( Figure 3C ). Consistent with the ability of microglia to phagocytose synapses (Ji et al., 2013; Lui et al., 2016) , culturing neurons for 24 hr with WT microglia resulted in synapse elimination, as indicated by the reduction of both mEPSC frequency ( Figures 3D and 3E ) and mushroom spine density ( Figures 3F-3I ). Microglia lacking TREM2 failed to remove spines ( Figures 3F-3H ) or to reduce mEPSC frequency ( Figure 3E ) when added to neuronal cultures, indicating lack of synapse elimination. Preventing contact between microglia and neurons, by the use of transwell inserts, did not result in reduced mEPSC frequency or spine density, neither in the presence of WT nor Trem2 À/À microglia ( Figures S2D-S2F ).
These data demonstrate that microglial TREM2 is required for mediating synapse elimination through a process requiring cell-to-cell contact.
TREM2 Is Required for Synapse Engulfment In Vivo
To further assess whether lack of TREM2 impairs phagocytosis of synaptic structures, primary microglia were cultured in the presence of synaptosomes labeled with FM1-43 fluorescent dye. Figure 4A shows Figure 4G ). These results were faithfully replicated in As a final confirmation of defective spine elimination in vivo, Golgi staining of CA1 pyramidal neurons revealed a significantly higher spine density in Trem2 À/À mice ( Figures 4H and 4I ).
These data, consistent with the higher content of synaptic markers (Figure 2 ), show a key role of the TREM2 in synapse elimination during brain development.
Trem2
-/-Mice Display an Underconnectivity Phenotype between Prefrontal and Hippocampal Regions Since reduction in synaptic pruning during development has been associated with reduced functional brain connectivity using resting-state fMRI (rs-fMRI) (Zhan et al., 2014) , we aimed to assess whether the defective synaptic engulfment occurring in Trem2 À/À mice during development results in altered connectivity in adulthood. To probe the existence of aberrant functional connections in 3-month-old (P90) Trem2 À/À mice, the blood-oxygen-level-dependent (BOLD) time series were extracted from 130 bilateral regions of interest (ROIs) using the Allen Reference Atlas ontology (Sethi et al., 2017) , and their connectivity couplings were measured using regularized Pearson's correlation coefficients (Grandjean et al., 2017) . Only macro-areas that were fully covered by the field of view used for rs-fMRI acquisition were included in the analysis (isocortex, hippocampal formation, cortical subplate, striatum, pallidum, and thalamus) ( Figure 5A ). Uncorrected permutation testing (5,000 permutations) revealed an overall underconnectivity phenotype of Trem2 À/À mice when compared to their WT littermates ( Figure 5B ). Multiple comparisons correction using network-based statistics (NBS) (Zalesky et al., 2010) identified a single, symmetric network with reduced connectivity (p = 0.011), which comprises 20 nodes (i.e., ROIs) and 68 edges (i.e., connections) as depicted in Figures 5C and 5D . The strongest differences were seen in connectivity between retrosplenial cortices (RSPs), subiculum (SUB), hippocampus (CA1 and DG), and anterior cingulate (ACA) ( Figure 5E ). The structural integrity of major axon bundles was quantified by extracting fractional anisotropy (FA) values from seven white matter structures identified by the Allen Mouse Brain atlas.
All white matter tracts did not exhibit genotype differences between Trem2
À/À mice and WT littermates (Figures S3A and Table S3 ). Taken together, these data suggest that the absence of TREM2 does not compromise the anatomical connections between brain regions but rather impairs their function. Of note, Golgi staining and immunohistochemical analysis of P90 mice supported the occurrence of defective synaptic growth in the CA1 region of adult Trem2 À/À mice. Indeed, different from WT mice, which displayed a relevant increase in spine density between P20 and P90, no spine augmentation occurred in Trem2 À/À mice within the same developmental window (Figure S3B) . In line with defective synaptic growth in Trem2 À/À hippocampus, a lower amount of PSD95 protein was detectable in P90 Trem2 À/À than in P20 Trem2 À/À hippocampi ( Figure S3C ).
Notably, both density and morphology of microglia cells were recovered to normal in P90 Trem2 À/À mice ( Figures S3D and   S3E ), in line with literature showing lack of differences in microglia of adult WT and Trem2 À/À mice (Poliani et al., 2015) . These data indicate that Trem2 À/À mice display defects in brain circuit formation.
Trem2 -/-Mice Display Altered Behavioral Phenotype
We next investigated whether adult (P90) Trem2 À/À mice display altered behavioral performances. P90 Trem2 À/À mice buried a significantly lower number of marbles relative to their WT littermates (Figures 6A and 6B) in the marble burying task and displayed a strong increase in self-grooming behavior ( Figure 6C ), traits typically altered in mouse models of ASD (Greco et al., 2013; Kim et al., 2016) . Conversely, no alterations were observed in nestlet shredding ( Figure 6D ). Trem2 À/À mice were defective also in social behavior. Indeed, differently from WT mice, which spent a longer time exploring the chamber with the stranger mouse than the empty compartment, Trem2 À/À mice spent a comparable amount of time in the two chambers ( Figure 6E ). No defects were detected in the social recognition task, where Trem2 À/À mice performed similarly to controls ( Figure 6F ). Social Figure S3 and Table S3. defects were also detectable as early as P18-20, when a reduction of reciprocal sniffing time during juvenile play was found in Trem2 À/À mice compared to WT ( Figure 6G ).
Consistent with the lack of impairment in social memory, P90 Trem2 À/À mice did not display defects in the acquisition phase or in reversal learning in the Morris water maze ( Figure 6H ). Also, in the alternating T-maze working memory task (Deacon and Rawlins, 2006) , Trem2 À/À mice performed similarly to WT ( Figure 6I ).
General locomotor activity, as assessed by an automated open-field system, was not significantly altered in Trem2 À/À versus WT mice, as indicated by comparable distance traveled, ambulatory counts, resting time, and zone entries, although a slight but significant increase was observed in average velocity over 30 min ( Figures S4B-S4D , S4G, and S4H). Environment exploration was not affected in P90 Trem2 À/À mice ( Figure S4A ).
Also, no differences were observed in anxiety-related motor paradigms, as shown by comparable time spent in the corners of the arena or close to the walls ( Figures S4E and S4F ). General motor activity of Trem2 À/À mice, examined at P18-20, revealed lack of alterations in Trem2 À/À mice relative to WT mice of the same age ( Figures S4I-S4K) . Also, P18-20 Trem2 À/À mice did not display variations in anxiety-related activity, as shown by a similar time spent in the corners or close to the wall of the arena compared to WT mice ( Figures S4L and S4M ). These data indicate that lack of TREM2 expression during development leads to behavioral defects reminiscent of ASD. See also Figure S4 .
TREM2 Protein Negatively
Correlates with Severity of Autism Symptoms Given that defective synaptic pruning and dysfunctional microglia are associated with ASD (Tang et al., 2014) and that connectome analysis and behavioral phenotyping of Trem2 À/À mice were reminiscent of ASD, we examined TREM2 protein levels in post-mortem brains of patients affected by idiopathic autism. Patients included in the age window between 5 and 23 years (i.e., the developmental period coinciding with synaptic pruning in humans; Stiles and Jernigan, 2010 ) displayed a significant reduction of TREM2 protein expression relative to healthy subjects ( Figures 7A and 7B ). Furthermore, an inverse correlation was found between the TREM2 protein levels and the Autism Diagnostic Interview-Revised (ADI-R) score (Lord et al., 1994 ) measured in ASD patients ( Figure 7A and Table S3 ). Overall, these data highlight a critical role of TREM2 in ASD in humans.
DISCUSSION
Microglial phagocytosis relies on cell surface receptors, coupled to downstream signaling pathways that control actin remodeling and particle engulfment. TREM2 is one of these receptors that control the phagocytosis of apoptotic cell debris and reduces secretion of pro-inflammatory factors (Hsieh et al., 2009; Takahashi et al., 2005; Turnbull et al., 2006) . Due to its phagocytic function, TREM2 is thought to be protective, and indeed, inactivating mutations in Trem2 gene have been associated with different neurodegenerative diseases (Yeh et al., 2017) .
Our study unveils a role for TREM2 in the control of the microglia-dependent pruning of supernumerary synapses in the developing brain. The process of synaptic pruning is central during brain development, when the excess number of synaptic contacts is subsequently eliminated. Correct synaptic pruning is necessary for the strengthening of remaining synapses and is critical for normal brain development (Riccomagno and Kolodkin, 2015) . Microglial cells play major roles in the process of synaptic pruning, participating in synapse remodeling and plasticity (Kettenmann et al., 2013; Paolicelli et al., 2011; Schafer et al., 2012; Tremblay et al., 2010) .
The defective synapse elimination detected in Trem2 À/À mice is paralleled by a reduction in the number of microglia in the hippocampus. This is in line with the finding that microglia lacking TREM2 migrate less efficiently towards apoptotic neurons in vivo (Mazaheri et al., 2017) , a feature that we have observed also in our model using a scratch test ( Figure S5A ). Although we cannot exclude that defective migration of Trem2 À/À microglia to the hippocampus may contribute to the observed defect in hippocampal synapse elimination, the finding that Trem2 À/À microglia in the hippocampus display reduced internalization of synaptic markers inside CD68 + phagolysosomal structures, together with the evidence of defective synapse elimination when neurons and Trem2 À/À microglia are cultured in contact, points to TREM2 being involved in synapse phagocytosis. Consistently, a higher density of presynaptic structures and dendritic spines was visible in the hippocampi of P18-20 Trem2 À/À mice, paralleled by enhanced excitatory neurotransmission in acute brain slices. The possible involvement of DAP12, which forms a complex with TREM2, is not excluded; however, we and others observed lack of changes in Tyrobp mRNA in Trem2 À/À brains ( Figure S5B ). These findings reveal TREM2 as a component of the innate immune system essential for regulating the correct balance of hippocampal synapses. In this respect, TREM2 adds to complement proteins, in particular C1q and C3, which control synaptic pruning in the postnatal retinogeniculate system (Schafer et al., 2012; Stevens et al., 2007) and to MHC class I proteins, which promote the elimination of inappropriate connections during retinal and retinogeniculate circuit refinement (Boulanger and Shatz, 2004) . Our data thus further support the relevance of the cross-talk between nervous and immune systems for correct brain development.
The impairment in microglia-dependent synapse elimination is likely at the origin of the hypoconnectivity detected in Trem2 À/À mice, as recently described for mice lacking the chemokine receptor Cx3cr1 (Zhan et al., 2014) . Of note, the strongest connectivity differences in Trem2 À/À mice were seen between retrosplenial cortices, subiculum, anterior cingulate, and CA1 hippocampal area. The latter area contains a higher number of microglia as compared to other hippocampal regions such as the CA3 region (Jinno et al., 2007) . Furthermore, microglia in CA1 are selectively more prone to being activated compared to DG or CA3 microglia (Vinet et al., 2012) . Not surprisingly, CA1 is the area where microglia were mostly affected in developing Trem2 À/À mice. Although further mechanisms may be involved, our findings thus support the view that the process of microglia-mediated synaptic pruning is central to the shaping of brain connectivity. Brain circuits formed in the context of neurodevelopmental disorders in the presence of dysfunctional synapse elimination display abnormal features, such as hyper-or hypoconnectivity (Bernardinelli et al., 2014) . For example, connectivity defects of neocortical circuits occur in different mouse models of autism, including the fragile X mental retardation 1 (Fmr1) (-/y) mouse model for fragile X syndrome, which shows a hyperconnectivity phenotype of the primary visual cortex with other neocortical regions (Haberl et al., 2015) , and the homozygous mice lacking Cntnap2, a neurexin superfamily member associated with autism, which exhibit reduced long-range functional connectivity in prefrontal and midline brain hubs (Liska et al., 2018) . These findings are in line with the alterations in brain connectivity widely detected in ASD patients, with hypoconnectivity dominating particularly for corticocortical and interhemispheric functional connectivity (Di Martino et al., 2014) .
Interestingly, human imaging studies have unveiled a possible association between long-range hypoconnectivity and social (B) Quantification of TREM2 levels normalized to b-actin in controls (black circles) and patients (red squares) for the whole group (controls n = 17; ASD patients n = 16) (left) or for subjects included in the age window between 5 and 23 years (controls n = 10, ASD patients n = 11) (right). Unpaired t test: for the whole group, p = 0.1798; for the 5-23 age group, *p < 0.05 (p = 0.0101). (C) Correlation between ADI-R and TREM2 protein levels. Pearson's correlation = À0.60, significance (two-tailed) *p = 0.023. ADI-R scores were available for 14 of the 16 ASD patients (red squares). See also Figure S5 and Tables S1, S2, and S4.
competence (Schreiner et al., 2014) . Consistently, Trem2 À/À adult mice exhibit decreased sociability, which occurs in the presence of intact cognitive functions. Trem2 À/À mice also display excessive self-grooming, accompanied by defects in marble burying and juvenile play, in the absence of relevant cognitive impairments. Of note, microglia deletion of the autophagy Aatg7 gene, which results in defective synaptic pruning, has been found to result in abnormal social interaction and repetitive behaviors, in the presence of intact cognitive functions (Kim et al., 2017) . These data, together with the increased dendritic spine density detected in post-mortem ASD brains (Tang et al., 2014) , enforce the picture that defects in synaptic pruning, later resulting in circuit hypoconnectivity and behavioral defects, may be at the origin of neurodevelopmental diseases, with microglial TREM2 being central to this process. Consistent with this view, our data indicate that a subset of idiopathic ASD patients display reductions in TREM2 protein expression and show an inverse correlation between TREM2 and the ADI-R score. This is particularly evident in subjects between 5 and 23 years old, which represents the developmental period coinciding with synapse pruning in humans. These results therefore demonstrate that microglial TREM2 reductions, disrupting synapse pruning, may contribute to ASD and possibly to other neurodevelopmental diseases characterized by brain connectivity defects.
It will be important to assess to what extent TREM2 reductions are causative of ASD phenotypes. Electrophysiological slice recordings indicated a significant increase in mEPSC frequency, accompanied by higher dendritic spine density and social defects in Trem2 heterozygous mice ( Figures S5C-S5E ). Although additional tests may be necessary to provide a more comprehensive picture, these data indicate that even partial reductions in TREM2 protein expression are sufficient to induce synaptic and behavioral defects. Genetic studies will be necessary to demonstrate the direct association between TREM2 and neurodevelopmental diseases. For example, it will be interesting to investigate whether the risk conferred by TREM2 defects for neurodegenerative diseases (Yeh et al., 2016) might originate, at least in part, from dysfunctional neuronal networks as described in our study.
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STAR+METHODS CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Michela Matteoli (michela.matteoli@hunimed.it). All efforts were made to minimize the number of subjects used and their suffering. C57BL/6 Trem2 À/À mice, generated as previously described (Turnbull et al., 2006) were provided by Bioxell-Cosmo Pharmaceutical (Milan, Italy) (Correale et al., 2013) . P18-20 and P90 male and female animals were used for each experiment, except for behavioral analysis where only male mice were used. All the experiments were performed on littermates. Littermates and non-littermates were used for behavioral experiments (except for the sociability test where only non-littermates were tested). Immunohistochemistry results were also confirmed in brain slices obtained from the Trem2 À/À mouse line maintained at Washington University School of Medicine and provided by L.P. Trem2 À/À and littermate control WT mice (backcrossed 12 generations to the C57BL/6 background)
were obtained from Marco Colonna (Turnbull et al., 2006) and the two strains were bred in parallel.
Human brain tissue samples
Frozen post-mortem fusiform gyrus samples from subjects with idiopathic autism (n=16) and controls (n=17) were provided by ''Autism BrainNet, a resource of the Simons Foundation Autism Research Initiative now including also the Autism Speaks' Autism Tissue Program (see Tables S1 and S2 : Characteristics of Control samples (S1) and ASD samples (S2)). Tissue samples were stored at À80 C before use. Clinical information on the samples was obtained through the Autism Tissue Program online portal (http://autismbrainnet.org/about-us/portal/). The diagnosis of autism was confirmed using the Autism Diagnostic Interview-Revised post-mortem through interviews with the parents and/or caregivers (see Table S4 ). Samples from subjects with known genetic causes of autism spectrum and related disorders (Rett, Asperger etc.) were excluded. There were no significant differences between groups for age and post-mortem interval (two-tailed Student's t-test p=0.359 and p=0.686, respectively).
Primary cell culture Neuronal cultures
Mouse hippocampal neurons were established from the hippocampi of embryonic stage E17 fetal mice or from postnatal 1-2 day-old pups as described previously (Banker and Cowan, 1977; Beaudoin et al., 2012) with slight modifications. Neurons were plated onto glass coverslips coated with poly-L-lysine at densities of 95 cells/mm 2 . The cells were maintained in Neurobasal medium (Invitrogen) with B27 supplement and antibiotics, 2 mM glutamine and glutamate. All experiments were performed at 13-15 days in vitro (DIV).
Microglial cultures
Primary microglia were obtained from mixed cultures prepared from the hippocampi and cerebral cortices of mice at postnatal day (P)1-5. Microglial cells were isolated by shaking flasks for 45 min at 230 rpm at day 10 after plating. Cells were then seeded on poly-L-ornithine (Sigma) pre-coated wells at a density of 1.5310 5 cell/mL in DMEM containing 20% heat-inactivated fetal bovine serum (FBS). For microglia to neuron co-culture experiments, WT or Trem2 À/À microglia were added to hippocampal neurons (13-14 DIV) at a microglia to neuron ratio of 1.5:1 for 24 hr. In a distinct set of experiments, microglia were plated in transwell culture inserts (0.4 mm pore, Costar) -at the same microglia to neuron ratio as above, -to prevent contact with neurons. To visualize neuronal processes and dendritic spines, hippocampal neurons were transfected using Lipofectamine 2000 at DIV11.
METHOD DETAILS Assessment of cell viability
The viability of WT and Trem2 À/À microglia was assessed by incubating the cells for 15 min at 37 C with Hoechst 33342 (2 mg/ml) and Propidium Iodide (PI) (1 mg/ml). The staining was assessed using an Olympus IX53 Inverted Microscope. Cells were counted in four microscopic fields per each well (four biological replicates per WT and Trem2 À/À microglia) and expressed as the percentage of PI positive cells per the total number of Hoechst positive cells. The analysis was performed by using ImageJ NIH software.
Brain microglia isolation and Flow Cytometry
Isolation of adult microglia was adapted from (Lee and Tansey, 2013) . Briefly, anesthetized mice at P18-P20 were perfused intracardially with ice-cold Hank's balanced salt solution (HBSS), and the hippocampi and cortices were dissected. The different areas were mechanically homogenized and digested in digestion buffer (DMEM/F12 containing 1 mg/ml Papain, 1.2 U/ml Dispase II, 20 U/ml DNAse I (Sigma) and 0.7 U/ml Collagenase D (Roche) at 37 •C for 30 min, washed and centrifuged 5 min at 250g. Homogenates were filtered through a 40 mm cell strainer (Becton Dickinson, Heidelberg, Germany). Hippocampal cells were resuspended in PBS + 2% FBS, counted and kept on ice until staining for FACS analysis. Pellets from cortices were resuspended in 4 ml of 37% Percoll (Sigma) and added to a 15ml conical tube containing 4 ml of 70% Percoll. 4 ml of 30% Percoll and 2 ml of HBSS were added to the top of the gradient. The gradient was centrifuged at 300g for 40 min. Microglial cells were collected from the 37%/70% interphase, and total cell counts were determined. Isolated microglia from hippocampi and cortices were labeled with a combination of conjugated antibodies (see above), and FACS analysis of the microglial profile was performed by gating CD11b (BD Biosciences), and data were analyzed with FlowJo Software (TreeStar). To sort microglial cells from the different brain areas, a Becton Dickinson FACSARIA III cell sorter was used.
RNA isolation and RT-qPCR Total RNA was extracted using a NucleoSpin RNA extraction kit according to the manufacturer's protocol. RNA from sorted microglia was amplified and extracted by an RNeasy MICRO KIT. Total RNA (20-40ng) was used in 20-40 ml of reverse transcription reaction (high-capacity cDNA Reverse Transcription Kit). The DDCt method was applied to determine differences in gene expression levels after normalization to the arithmetic mean of GAPDH or 18S rRNA or of the microglial genes AIF-1 and P2yr12 as an internal standard. The TaqMan probes were the following: Rn18S; Aif1; P2ry12; Tnf; Tyrobp; Tgfb1; Il1b. All data are mean of duplicates, and the standard errors of the mean were calculated between duplicates or triplicates. Real-time PCR was performed using ViiA7 (Applied Biosystems).
In vitro engulfment assay Phagocytosis assay of apoptotic neurons Neurons were cultured for 10-14 DIV and okadaic acid (30 nM) was added for 3hr to induce apoptosis. Apoptotic neurons were detached, collected and then labeled with CFSE (spell out). After labeling, apoptotic neuronal membranes were washed three times and added to WT or Trem2 À/À microglial cultures at a microglia/neuron ratio of 1:20 for 24hr. Microglia were next enzymatically detached with accutase (Millipore), stained with CD11b antibody and analyzed by FACS.
Phagocytosis of beads
Fluorescent particles (3mm) (Spherotech) were added to microglial cells at a 1:1 or 1:2 microglia/beads ratio for 2hr. Cells were washed with ice-cold PBS, enzymatically detached with accutase, stained with CD11b antibody and analyzed by FACS as described above.
Synaptosome purification and engulfment assay Synaptosomes were purified as previously described (Huttner et al., 1983) and conjugated with FM 1-43FX dye in HBSS at 4 C for 2 min (modified from (Biesemann et al., 2014) ). Unbound FM 1-43FX dye was washed out with multiple rounds of centrifugation.
WT or Trem2
À/À microglia, plated at a density of 1.5310 5 cell/mL, were then incubated with 5 ml of FM 1-43FX dye-conjugated synaptosomes for 2 and 24 hr. Microglia were next enzymatically detached and analyzed by FACS.
Immunocytochemistry and cell imaging Cells were fixed for 10-15 min at room temperature (RT) in 4% (w/v) PFA, 4% (w/v) sucrose, 20 mM NaOH and 5 mM MgCl2 in PBS, pH 7.4. For intracellular staining, cells were permeabilized and blocked for 30-60 min at RT in 15% (w/v) goat serum, 0.3% (v/v) Triton X-100, 450 mM NaCl, 20 mM phosphate buffer, pH 7.4 and incubated at 4 C overnight with primary antibodies diluted in blocking buffer. Confocal images were acquired with a laser scanning confocal microscope Olympus Fluo View FV1000, using a UPL S APO 60x/1.35 oil objective (Olympus), and with a LEICA SP8 STED3X confocal microscope, using a HC PL APO 100x/1.40 oil white objective (Leica). Emission filter bandwidths and sequential scanning acquisition were set up in order to avoid any possible spectral overlap between fluorophores. Deconvolution was applied to images shown in Figures 3C and 3F using Huygens Professional software (SVI, Scientific Volume Imaging). Images were finally processed with Fiji and Imaris 7.4.2 software (Bitplane). Dendritic spine analysis Images of primary hippocampal cultures were acquired using a UPL S APO 60x/1.35 oil objective (Olympus). Each image consisted of a stack of images taken through the z-plane of the GFP-transfected hippocampal neurons. Spine analysis was performed with ImageJ. On the basis of morphology, spines were classified into the following categories: 1) Filopodia: spines with a long neck and a visible small head; 2) Mushroom: big spines with a well-defined neck and a very voluminous head (Harris and Stevens, 1989) . At least four dendritic branches were analyzed for each neuron. The number of analyzed neurons is reported in each figure legend. At least three independent replications were performed for each experimental setting.
Immunohistochemistry
Mice were anesthetized with a ketamine (100 mg kgÀ1)/xylazine (20 mg kgÀ1) cocktail and perfused with 0.9% saline, followed by 4% paraformaldehyde. Immunofluorescent staining was carried out on free-floating 50 mm-thick sections. Sections at the level of the dorsal hippocampus were processed by 45 min RT blocking in 10% Normal Goat serum 0.2% Triton X-100 and overnight incubation with specific primary antibodies Iba-1 (1:1000); PSD95 (1:200, Millipore); VGLUT1 (1:1000); NeuN (1:1000); Trem2 (1:400; R&D System); CD68 (1:1000; Biolegend); P2Y12 (1:1000) followed by incubation with secondary antibodies (1:400, Alexa FluorÒ-conjugated, Invitrogen), counterstained with DAPI and mounted in Fluorsave (Calbiochem). For TREM2 and P2Y12 staining, slices were permeabilized at RT in 0.5% Triton X-100 (Sigma), followed by 1 hr RT blocking in 2% BSA 0.5% Triton X-100 and overnight incubation with primary antibody. Z-stack confocal images were acquired with a laser scanning confocal microscope Olympus Fluo View FV1000, using a UPLFLN 40x/1.30 or a UPLSAPO 60x/1.35 oil objective (Olympus). Images were acquired in the pyramidal layer or stratum radiatum of the CA1 subfield of the hippocampus, as indicated. For microglial counts and morphologic analysis, confocal images for the selected marker Iba-1 were modified as 8-bit and Z-stack projection images. Iba-1 and DAPI + cells were counted per HPF. The resulting images were smooth processed, binarized and skeletonized, using the Skeletonize Plugin for ImageJ (Arganda-Carreras et al., 2010). Before quantification, a mask using the particle analysis function was created to subtract from skeletonized images. The resulting images were processed by choosing the Analyze Skeleton 2D 3D option in the Skeletonize Plugin, and the number of branches and junctions per cell were obtained from the Results tables.
In vivo synapse engulfment quantification Fixed brain slices from WT and Trem2 À/À littermates were permeabilized for 45 min at RT in 0.5% Triton X-100, followed by 1 hr RT blocking in 2% BSA 0.5% Triton X-100 and overnight incubation with primary antibody for PSD-95 (1:100, Millipore), CD68 (1:400, Bio-Rad) and Iba-1 (1:600, Wako) at 4 C. Upon washing, sections were incubated 2 hr at RT with Alexa-fluorophore-conjugated secondary antibodies (1:400, Invitrogen). Confocal microscopy was performed with a TCS-SP8 (Leica) Laser Scanning System, by using a Leica HCX PL APO 63X/ NA 1.3, glycerol-immersion lens. Images were acquired with 3X digital zoom, as 61.5mmX61.5mm in XY, and with z-step size of 0.33mm. Stacks ranged from 5 to 6mm in thickness. Images were processed and analyzed by Imaris Software (Bitplane, Switzerland). CD68 and Iba-1 volumes were quantified by applying 3D surface rendering of confocal stacks in their respective channels, using identical settings (fix thresholds of intensity and voxel) within each experiment. Each confocal acquisition contained an equal number of WT and Knockout images. For quantification of PSD95 engulfment by microglia, only PSD95 puncta present within microglial CD68 + structures were considered. This procedure was used to ensure that only puncta entirely phagocytosed by microglia were included in the analysis. To this aim, a new channel for ''engulfed PSD95'' was created, by using the mask function in Imaris, masking the PSD95 signal within CD68 + structures. Quantification of volumes for 'engulfed PSD95 in and 0.3 Tris-GTP, (pH 7.4). For mEPSC recordings, 1mM tetrodotoxin, 20mM Bicuculline and 50mM AP5 were added to the standard extracellular solution to block spontaneous action potential propagation by GABA-A and NMDA receptors. Recordings were performed in voltage clamp mode at a holding potential of -70 mV using a Multiclamp 700B amplifier and pClamp-10 software (Axon Instruments, Foster City, CA). Series resistance ranged from 10 to 20 MU and was monitored for consistency during recordings. Cells in culture with leak currents >100 pA were excluded from the analysis. Signals were amplified, sampled at 10 kHz, filtered to 2 or 3 KHz, and analyzed using the pClamp 10 data acquisition and analysis program.
Magnetic resonance imaging 10 Trem2 À/À mice (6/4 m/f) and 10 wildtype littermates (6/4 m/f) underwent MRI scanning. There were no significant bodyweight differences between the genotypes, however, there was a significant effect of sex on bodyweight in both groups (p-value<0.001).
MRI scanning was performed to evaluate brain functional and structural changes in comparison to their respective wildtype littermates. The levels of anesthesia and mouse physiological parameters were monitored following an established protocol to obtain a reliable measurement of functional connectivity (Zerbi et al., 2015) (Grandjean et al., 2014) . Briefly, anesthesia was induced with 4% isoflurane and the animals were endotracheally intubated and the tail vein cannulated. Mice were positioned on a MRIcompatible cradle and artificially ventilated at 80 breaths per minute, 1:4 O2 to air ratio, and 1.8 ml/h flow (CWE, Ardmore, USA). A bolus injection of medetomidine 0.04 mg/kg and pancuronium bromide 0.1 mg/kg was administered, and isoflurane was reduced to 1%. After 5 min, an infusion of medetomidine 0.09 mg/kg/h and pancuronium bromide 0.2 mg/kg/h was administered, and isoflurane was further reduced to 0.5%. Animal temperature was monitored using a rectal thermometer probe, and maintained at 36.5 C ± 0.5 during the measurements with a water heating system in the cradle. The preparation of the animals did not exceed 10 minutes.
Data acquisition was performed on a Biospec 70/16 small animal MR system (Bruker BioSpin MRI, Ettlingen, Germany) equipped with a cryogenic quadrature surface coil (Bruker BioSpin AG, F€ allanden, Switzerland). To capture blood oxygenation dependent (BOLD) images, we used a standard gradient-echo echo planar imaging sequence (GE-EPI, repetition time TR = 1 s, echo time TE = 15 ms, in-plane resolution RES = 0.22 3 0.2 mm2, number of slice NS = 20, slice thickness ST = 0.4 mm, slice gap SG = 0.1 mm, 900 volumes). In addition, we acquired diffusion weighted images for white matter structural integrity evaluation (DWI, multi-shot SE-EPI sequence, 4 segments, TR = 2 s, TE = 22 ms, RES = 0.2 3 0.2 mm2, NS = 28, ST = 0.4 mm, SG = 0 mm, b-values = 0-1000 s/mm2, 94 directions encoding, for a total scan time of 9 min).
Data pre-processing and statistics Rs-fMRI Resting state fMRI datasets were preprocessed using an existing pipeline for removal of unwanted confounds from the time-series (Zerbi et al., 2015) , with modifications (Sethi et al., 2017) . Rs-fMRI examines the temporal correlations of slow fluctuations of the blood oxygen level dependent (BOLD) signal across the brain during rest, i.e., without overt perceptual inputs or motor output typically present in traditional fMRI studies. The coherence of BOLD fluctuations between brain regions (i.e., functional connectivity) is a parameter often used to determine the brain's capability to share and integrate information (Zhang et al., 2010) and can be used as translational tool to study complex circuitry interactions and their pathology in laboratory animals (Grandjean et al., 2017; Haberl et al., 2015; Zerbi et al., 2015) . Briefly, each rs-fMRI dataset was fed into MELODIC (Multivariate Exploratory Linear Optimized Decomposition of Independent Components) (Beckmann and Smith, 2004) to perform a within-subject spatial-ICA with a fixed dimensionality estimation (number of components set to 100). This included correction for head motion using MCFLIRT (Jenkinson et al., 2002) and in-plane smoothing with a 0.3 3 0.3 mm kernel. We applied FSL-FIX with a study-specific classifier obtained from an independent dataset of 15 mice and used a 'conservative' removal of the variance of the artifactual components. Thereafter, FIXcleaned datasets were despiked (Patel et al., 2014) , band-pass filtered (0.01-0.25 Hz), coregistered to the skull-stripped T2-weighted images and normalized to the AMBMC template (http://imaging.org.au/AMBMC/AMBMC) using ANTs v2.1 (http://picsl.upenn.edu/ software/ants/). Diffusion tensor parameter estimation Through measurement of water diffusivity in multiple directions, diffusion tensor MRI reconstructs an ellipsoid to model the diffusion in every voxel. The pre-processing steps consisted of individual realignment of the diffusion images, followed by eddy current correction and tensor estimation. Briefly, the diffusion tensor was estimated for every voxel using the PATCH algorithm (Zwiers, 2010) . This method incorporates motion correction and is robust against both regional artifacts (e.g. cardiac motion) and slice-wise artifacts (e.g. bulk motion) by providing a weight for every voxel that reflects the probability of being an outlier in the tensor fitting. From the eigenvalues of the diffusion tensor, fractional anisotropy (FA) maps were calculated. The resulting volumes were spatially normalized to the AMBMC template using linear affine and non-linear elastic transformations in ANTs.
Behavioral analysis Marble burying
Marble burying was assessed as previously described (Deacon, 2006) . Digging and marble burying in mice: simple methods for in vivo identification of biological impacts. Briefly, each mouse was placed individually into a clean mouse cage with 4 cm deep bedding and 12 glass marbles were placed in a regular pattern on the surface. The number of marbles that were buried by each mouse in 30 min was measured.
Self-grooming
Mice were scored for spontaneous grooming behaviors as described earlier (Silverman et al., 2010) with slight modifications. Each mouse was placed individually into a clean mouse cage with a thin (0.5 cm) layer of bedding reducing neophobia, while preventing digging, a potentially competing behavior. After 5 minutes acclimatization, each mouse was scored with a stopwatch for 10 min for cumulative time spent grooming all body regions by an expert observer. Nestlet shredding Each mouse was placed individually into a cage containing a single, preweighed nestlet and left undisturbed in the cage with the nestlet for 30 min. After returning the mouse to its home cage, the remaining intact nestlet material was removed from the cage with forceps and allowed to dry overnight. The day after, the remaining unshredded nestlet material was weighted and the weight was divided by the starting weight to calculate the ratio of intact nestlet material. Sociability and social recognition Sociability and social novelty tasks were performed as previously described (Corradini et al., 2014) . The apparatus consists of a 3-compartment transparent polycarbonate box (20x40x22(h) cm each), with two sliding doors (5x8(h)cm), opening on the central compartment, that can be closed to confine the animal. The proband mouse was habituated in the central compartment for 5 min. For sociability assessment, an unfamiliar adult C57Bl/6 male mouse was placed in one side compartment whereas the opposite contained an empty wire cage. Immediately after the sociability task, the social novelty test was carried out in the same apparatus without any cleaning, placing a new unfamiliar mouse in the wire cage that had been empty during the prior 10-min session. Familiar and unfamiliar animals from different home cages had never been in physical contact with the subject mice or with each other. For both tests, the time spent in each chamber was recorded for 10 min. Juvenile play interaction Social interaction was tested between pairs of unfamiliar mice. Each pair of mice was placed into the test cage (a standard mouse cage with a thin layer of bedding) for the 10-min test session. Test sessions were recorded and scored at a later time by an expert observer, and the time spent sniffing each other was recorded. Water maze place navigation Spatial memory was assessed in a Morris water maze as previously described (Corradini et al., 2014) with minor modification. Briefly, mice were trained and tested in a circular pool arena made of white polypropylene (diameter 100 cm, wall height 60 cm), filled with water (made opaque by the addition of paint) to a height of 30 cm and maintained at 24-26 C. A 10-cm diameter target platform of transparent polypropylene was placed 0.5 cm below the water surface in the N, S, E, or W quadrant at 15 cm from the wall. Each mouse was released into the pool from different starting points and was trained for a constant platform position over three days with six trials per day separated by 30-60 min intervals and each trial lasting maximally 120 s. After this acquisition phase, mice were subjected to reversal training lasting for 2 days with the platform positioned in the opposite quadrant. The latency to find the escape platform was measured.
Spontaneous alternation
The T-maze was constructed of gray plexiglass, with a stem length of 40 cm and arm length of 90 cm; each section was 11 cm wide with 19 cm high side walls. Each mouse was placed at the maze start and was allowed to enter either arm. After being confined to the chosen arm for 30 seconds, each animal was removed and replaced in the start area for a new trial. Each mouse was subjected to 8 trials, each trial lasting maximally 60 seconds. The percentage of alternation was calculated (Deacon and Rawlins, 2006) . Animals showing freezing behavior, who did not move in the maze, were excluded from the analysis. Open field General motor activity was tested in an open field task in P20 and P90 mice. Mice were placed in a multi-unit open field maze (MED Associates) with field chamber (25 cm long and 25 cm wide), and activity was recorded using Activity Monitor software (MED Associates). Each chamber was digitally divided into four zones using the Activity Monitor software. Data were collected continually for 30 min and the distance traveled (cm), ambulatory counts, zone entries, resting time, time spent in the corners or close to the walls, and average velocity were all recorded and scored automatically.
Western blots Mouse tissues
Hippocampi and cortices were homogenized in 62.5 mM Tris pH 8, 290 mM sucrose, 1% sodium dodecyl sulfate (SDS) supplemented with protease inhibitors (Roche). The total protein concentration of each sample was determined by BCA (Thermo Fisher), and equal amounts of total protein (15mg) were loaded onto 12% Tris-HCl gels (Bio-Rad). Following electrophoresis, proteins were transferred to a 0.45 mM nitrocellulose membrane (Bio-Rad). Blots were probed overnight at 4 C with primary antibodies (anti-PSD95 (1:10.000, NeuroMab); anti-GAPDH (1:1000); anti-Shank2 (1:2000); anti-SV2 (1:1000); anti-actin (1:10.000); anti-b3 tubulin (1:5000); anti-MAP2 (1:1000)) and next incubated with HRP-conjugated secondary antibodies at 1:5000 for 2 hr at room temperature. ECL Prime Western Blotting Detection Reagent (GE Healthcare) was used for detection of the signal. Visualization and imaging of blots was performed by means of Chemi-Doc system and Image Lab software (Bio-Rad). All the Western blotting were run twice. Human tissues Protein extraction for Western blot analysis was performed as previously described (Menna et al., 2013; Nicolini et al., 2015) . For each sample, 70 mg of total protein was resolved on a 12% SDS-polyacrylamide gel. Samples were resolved on 4 gels, each containing a standard curve consisting of 5, 20, 50 and 90 mg of total protein from a control human cortex sample. After transfer, the membranes
